Previously we described Tomato bushy stunt virus (TBSV) vectors, which retained their capsid protein gene and were engineered with magnesium chelatase (ChlH) and phytoene desaturase (PDS) gene sequences from Nicotiana benthamiana. Upon plant infection, these vectors eventually lost the inserted sequences, presumably as a result of recombination. Here, we modified the same vectors to also contain the plant miR171 or miR159 target sequences immediately 3 of the silencing inserts. We inoculated N. benthamiana plants and sequenced recombinant RNAs recovered from noninoculated upper leaves. We found that while some of the recombinant RNAs retained the microRNA (miRNA) target sites, most retained only the 3 10 and 13 nucleotides of the two original plant miRNA target sequences, indicating in planta miRNA-guided RNA-induced silencing complex cleavage of the recombinant TBSV RNAs. In addition, recovered RNAs also contained various fragments of the original sequence (ChlH and PDS) upstream of the miRNA cleavage site, suggesting that the 3 portion of the miRNA-cleaved TBSV RNAs served as a template for negative-strand RNA synthesis by the TBSV RNA-dependent RNA polymerase (RdRp), followed by template switching by the RdRp and continued RNA synthesis resulting in loss of nonessential nucleotides.
Several plant viruses have been developed as tools for various biotechnology applications, including expression platforms for protein production in plants (1, 2, 6) and as gene silencing systems as part of reverse genetics approaches toward understanding host plant gene function (4, 5) . For both of these applications, nonviral sequences conferring the desired function are cloned into the virus genome in order to be expressed during replication in plants. One advantage of using viruses engineered with nonviral sequences is flexibility in manipulating these "extra" sequences, which are not essential for viral replication or movement (1) . However, recombinant viruses also tend to lose these sequences, causing instability at the insertion site and resulting in loss of function of the recombinant viral vector. The relatively high error rates of viral replicases (7, 14, 24) and the propensity for recombination events (9) contribute to the instability often seen with some viral vector systems.
Recombination events in RNA viruses typically result in joining of two noncontiguous RNA segments (16) . These could be sequences from two separate RNA molecules or distant regions of the same molecule. Retention by viruses of favorable sequences is selection driven and eliminates sequences that are unnecessary or negatively affect fitness (11, 31) , hence making recombination critical to virus evolution (13, 29) . Although phylogenetic analyses predict that recombination events have affected evolution for essentially all groups of RNA viruses (3), some viruses appear to be more prone to recombination than others. For example, plantinfecting supergroup II viruses of the family Tombusviridae appear to undergo frequent recombination, as is supported by the many well-characterized defective-interfering (DI) RNAs of Tomato bushy stunt virus (TBSV) (10, 30) . The TBSV DI RNAs, derived entirely from the parental viral RNA, are not replication competent alone and depend on the parent virus to replicate them in trans. Recent developments of in vitro systems (19, 21) have further enhanced dissection of recombination mechanisms giving rise to TBSV DI RNAs.
Of the proposed mechanisms for viral recombination (12, 20) , the copy choice or template-switching mechanism is the most widely reported (8, 16, 18) . This occurs when the viral replicase and its attached nascent polynucleotide chain switches viral RNA templates (or jumps locations on the same template) when making cRNA. Some properties for preferred donor/acceptor sites (sequences in the RNA molecule at which viral replicase switches from one template to another) are known for various RNA viruses (3, 20, 27) , suggesting that recombination is not entirely random.
The previously described TBSV vectors were efficient silencers of host genes but only while the inserted sequences were retained (23) . Thus, optimizing viral vectors requires a better understanding of factors responsible for recombination and consequent loss of insert sequences. In order to address possible recombination mechanisms, we used previously characterized sequence-specific microRNA (miRNA)-guided cleavage determinants as parts of our TBSV vectors. We introduced the miRNA target site sequences for miR171 or miR159 3Ј to the silencing inserts of our TBSV vectors (23) . After plant inoculation, we analyzed recombinant virus sequences, determining specific recombination patterns, and demonstrated miRNA-mediated recombination events in vivo for the recombinant TBSV vectors. We also showed miRNA-guided RNA-induced silencing complex (RISC)-mediated cleavage for recombinant TBSV RNA and evidence supporting the TBSV RNA-dependent RNA polymerase (RdRp) switching templates during cRNA synthesis. Fig. 1) were constructed following standard protocols (26) . pPD-A3 and pPD-3f5 were described previously (23) . A 132-nucleotide (nt) fragment was PCR amplified from the N. benthamiana magnesium chelatase (ChlH) gene sequence (GenBank accession number AF014052, previously cloned in pGEM-T-Easy vector [23] ) with the miR171 sequence added to the reverse primer (underlined) to incorporate the 22-nt target sequence. Both primers had XhoI sites (ctcgag) incorporated at the 5Ј ends of their sequences and are as follows: forward, 5ЈAAActcgagAGCC AGAAGACC; reverse, 5ЈAAActcgagTGATTGAGCCGCGCCAATATCGCA AGGTTAAT3Ј). The resulting product was cloned into CEA-XhoI-engineered nonexpressing p19 TBSV vectors (23) to obtain pPD-A3-171. A 108-nt fragment of the N. benthamiana phytoene desaturase (PDS) sequence (GenBank accession number DQ469932, nt 855 to 963) was chemically synthesized (DNA 2.0, Emeryville, CA) with the 22-nt target sequence of miR159 added at the 3Ј end (TAGAGCTCCCTTCAATCCAAAG) and flanked by XhoI sites for cloning into pPD-3f1 (non-p19-expressing 3f-XhoI-engineered TBSV vector [23] ) to obtain pPD-3f5-159.
MATERIALS AND METHODS

Recombinant TBSV vectors. Recombinant TBSV vectors (
Transcript inoculation, sample collection, and RNA extraction. Recombinant TBSV vectors were transcribed in vitro, and transcripts were inoculated onto N. benthamiana plants as described previously (23) . Total RNA was extracted from ϳ75 mg of upper, noninoculated leaves at 7 days postinoculation (dpi) with the RNeasy kit (Qiagen Inc., Valencia, CA) according to the manufacturer's instructions. RNA was finally eluted with 100 l RNase-free water.
Characterization of virion RNA at the insert location and sequencing. Onetube reverse transcription-PCR was initially performed on total RNA using TBSV-specific primers (forward, 5ЈATTCCACGGGTTTCCAAGTTAAT3Ј; reverse, 5Ј CCAAGGACTCTGTGCAGTGAAGCT3Ј) using standard protocols (Promega Corp.). The product was column purified (Zymoresearch, CA), and 1 l was used as the template for a second PCR using TBSV-specific primers flanking the insertion site (forward, 5ЈTGATGACAGTTCCACATCTGATCA 3Ј; reverse, 5Ј TAGCTTGTTCCCTAGCGTCGTTT3Ј). The PCR products were then cloned into TOPO TA cloning vectors (Invitrogen, Carlsbad, CA), and following blue-white selection, white colonies were grown in 96-well plates overnight at 37°C and sequenced at the College of Agriculture and Environmental Science Genomic Facility.
5RACE. 5Ј random amplification of cDNA ends (5ЈRACE) was done as described previously (15) . Reverse transcription was performed using the TBSVspecific primer (5Ј TGGTCTTGTTCAAGAGGCCCCTCGCA 3Ј), followed by PCR using the adaptor-complementary primer and TBSV-specific primers (forward, 5ЈCGACTGGAGCACGAGG-ACACTGA-3Ј; reverse, 5Ј TGGTCTTGT TCAAGAGGCCCCTCGCA 3Ј). PCR products were column purified (Zymoresearch) and sequenced as described above.
RESULTS
We previously engineered TBSV vectors with inserts at the CEA and 3f regions of the TBSV genomic RNA to silence two endogenous genes (the ChlH and PDS genes) in N. benthamiana plants (23) . The CEA region is immediately upstream of the TBSV subgenomic RNA 2 (sgRNA2) start site (Fig. 1A) , while the 3f region extends into the 3Ј-end open reading frame (ORF) of the capsid protein. To address insert stability and identify potential recombination mechanisms, a 22-nt miRNA171 target sequence was introduced 3Ј of the 132-nt ChlH insert at the CEA region to obtain pPD-A3-171 ( Fig. 1) . Similarly, pPD-3f5-159 had a 21-nt miRNA159 target sequence inserted after the 108-nt PDS sequence at the 3f region. These were selected because cleavage sites for both miRNA target sequences have been previously mapped (see Fig. S1 in the supplemental material) (17, 22) , and therefore, if miRNA-directed cleavage of the corresponding RNAs occurred during infection, we could then determine whether miRNA target sequences influenced recombination events associated with insert loss.
Upon inoculation of N. benthamiana plants with these recombinant viruses, a strong silencing phenotype was observed in plants inoculated with pPD-A3-171, beginning at 4 dpi and remaining stable up to 45 dpi (see at different time points. These analyses revealed that at up to 27 dpi neither the pPD-A3-171 nor pPD-A3 recombinants showed deletions in the TBSV genomic RNA, at least in the sequenced regions (data not shown). However, deletions were found in the insert and miRNA target sequences for several recombinants, and by 27 dpi none of the recovered recombinants (from pPD-A3-171 inoculations) contained the complete ChlH and miR171 target sequences (Table 1, 
recombinant A).
A corresponding decrease in the number of recombinants (Table 1, recombinant A) containing the complete insert sequences, recovered at 14 dpi compared to 6 dpi, suggested that recombinant TBSV vectors with deletions of the inserted sequences accumulated over time. Supporting this, no insert-free recombinants were recovered at the 6-or 14-dpi sampling points, while 53% of those recovered at 27 dpi had no insert ( Table 1 , recombinant F). Analysis of the recombinants recovered at the 6-, 14-, and 27-dpi sampling points showed that they contained various lengths of ChlH insert sequence, but, more interestingly, of the recombinants retaining any of the miR171 target sequence, the majority retained only the 3Ј 13 nt ( Fig. 2 ; Table 1 , recombinants B, C, and D). This sequence represents the 3Ј region remaining after miRNA cleavage. Recombinants a A to F represent recombinants recovered and are shown in Fig. 2 . A, contains the complete 132-nt ChlH insert plus the 22-nt miR171 target sequence; B, contains the 5Ј 40-nt ChlH insert plus the 3Ј 13 nt from the miR171 target sequence; C, contains the 5Ј 15-nt ChlH insert plus the 3Ј 13-nt miR171 target sequence; D, contains only the 3Ј 13-nt miR171 target sequence; E, contains only the 5Ј 40-nt ChlH insert; F, contains only the two XhoI sequences flanking 4 to 20 random nucleotides.
b Sequencing error or no sequence for the particular clones.
retaining the entire miR171 target site were recovered at the first two sampling times (6 and 14 dpi), and the percentage decreased over time so that no recombinants contained the entire miR171 target sequence by 27 dpi. A few recombinants containing 40 nt of ChlH but lacking the miR171 target sequence were also recovered ( Fig. 2 ; Table 1 , recombinant E). Insert analyses on RNA isolated from plants inoculated with the control pPD-A3 (the control recombinant TBSV vector containing the identical ChlH sequence but lacking the miR171 target sequence) also showed more insert-free recombinants ( Table 2 , recombinant E) progressing from the 6-to 27-dpi time points, consistent with the pPD-A3-171 results, and a corresponding decrease in the percentage of recovered recombinant viruses containing the complete insert over the same time period (Table 2 , recombinant A). For both pPD-A3 and pPD-A3-171, 100% (21 of 21 clones for each construct) showed deletions by 27 dpi, and thus we saw no evidence for differences in recombination frequencies between the constructs with or without the miR171 target site.
Since there was no silencing phenotype for pPD-3f5-159 or pPD-3f5, we limited our analyses to only 4 dpi in order to detect the population of early recombinants before postrecombination selection resulted in a dominant sequence. In contrast to the sequence patterns observed for pPD-A3-171, no recombinants recovered from plants inoculated with pPD-3f5-159 retained the complete miR159 target sequence. However, all did retain 3Ј portion (10 nt) of the miR159 target sequence (Fig. 3A, panels i to iii) . Like for the pPD-A3-171 recombinants, this 3Ј portion of the miR159 sequence is the 3Ј region immediately adjacent to the miR159 cleavage site. It is also important to note that 50% of recovered recombinants showed deletions in the TBSV genomic RNA 5Ј of the 3f insert site (Fig. 3A, panel iii) . In contrast, 83% of recombinants recovered from plants inoculated with the control pPD-3f5 (recombinant TBSV containing the identical PDS sequence, but lacking the miR159 target sequence) retained the complete 108-nt PDS gene insert with no other detected deletions (Fig. 3B) . Thus, in contrast to pPD-A3-171, a greater frequency of recombination was observed for the pPD-3f5-159 constructs containing the miR159 target sequence (compared to control pPD-3f5), and this was observed as early as 4 dpi.
5RACE confirmed insert retention features and detected 3 portions of miRNA target sequences at the 5 end of recombinant TBSV RNA. The high percentage of recombinants that retained the 3Јportion of the miRNA target sequences for both pPD-A3-171 and pPD-3f5-159 suggested that the miRNAguided silencing pathway in planta was targeting the recombi- We reasoned that if miRNA-mediated cleavage of the recombinant TBSV vectors occurred in these plants, we should be able to recover TBSV RNA molecules having at their 5Ј end the specific miRNA target cleavage sequence expected (based on previously identified cleavage patterns for both miR171 and miR159 [see Fig. S1 in the supplemental material]). To test this hypothesis, we performed 5ЈRACE. We recovered and sequenced 12 clones for pPD-A3-171 and 10 for pPD-3f5-159. Sequence analysis of the pPD-A3-171 clones showed that all contained the 3Ј 13 nt of the miR171 target sequence. Ten of the 12 clones had ChlH gene sequences immediately 5Ј of the miR171 13 nt, thus giving results similar to those found in our experiments above. However, two of these clones had 5Ј termini that contained the 13 nt from the 3Ј end of miR171 target sequence ( Fig. 4A; see Fig. S1 in the supplemental material). Thus, these data provided further evidence of miR171 cleaving recombinant TBSV. Our 5ЈRACE analysis of 10 recovered pPD-3f5-159 clones showed that all contained the 10 nt from the 3Ј end of the miR159 target sequence. However, for these recombinant RNAs there was also a ϳ900-nt deletion immediately 5Ј of the 3f region (nt 2678 to 3779). Interestingly these recombinant TBSV RNA molecules terminated at nt 2621, the natural 5Ј end of TBSV sgRNA1 (Fig. 4B) . We did not recover any clones that terminated at the predicted cleavage site for the miR159 target sequence.
DISCUSSION
miRNA target sequences affect TBSV recombination. Sequencing of reverse transcription-PCR and 5ЈRACE products from plants inoculated with recombinant TBSV constructs containing miR171 or miR159 target sites showed that the majority of recombinant clones retained only the 3Ј portion of the respective miRNA target sequence, providing direct evidence for miRNA-mediated cleavage and recombination in planta. For pPD-A3-171, "CGCGGCUCAAUCA" was a consistent part of the insert sequence retained, sometimes in conjunction with fragments of the ChlH insert (Fig. 2) . These 13 nt represent the 3Ј portion of the miR171 target region (or the complementary 5Ј portion of miR171 [see Fig. S1 in the supplemental material]) (17) , the sequence which would result from miR171-mediated cleavage. Only at the earliest sampling times (6 and 14 dpi) was the entire target site retained in a minority of recovered sequences. Further analysis of the recombinant sequences for retention of ChlH sequence inserts showed that the plant-derived ChlH sequence also was eliminated over time, but in contrast to the miRNA target sequence inserts, there were no apparent sequence-specific determinants.
Interestingly, none of the sequences recovered from plants inoculated with pPD-3f5-159 retained the entire miR159 target sequence, even when samples were analyzed as early as 4 dpi. However, all pPD-3f5-159-derived recombinants sequenced had "UCAAUCCAAA," which again is the 3Ј portion of the miR159 target region (see Fig. S1 in the supplemental material) (22) resulting from miR159-guided cleavage. This might suggest that miR159 more rapidly and efficiently targets its homologous sequence than does miR171, or this could be partly due to much lower endogenous levels of miR171 present in the N. benthamiana leaf tissue compared to miR159 (28) .
These miRNA target sequences have been previously used with recombinant Plum pox virus (PPV) (28); however, the results differed greatly from ours. Upon inoculating plants with the recombinant PPV, those authors observed reduced infectivity and virus titer in inoculated plants. This was directly attributed to miRNA-guided cleavage of the recombinant PPV. Furthermore, the authors found that the recombinant PPV recovered from infected plants contained point mutations in the seed region of the miRNA target sequences (for both miR171 and miR159), suggesting that these mutations most likely accumulated to allow the recombinant PPV to escape specific miRNA-guided degradation. In contrast, we did not see any reduction in infectivity or silencing efficiency in our miRNA target sequence-containing recombinant TBSVs. This could be directly attributed to template switching of the TBSV RdRp, resulting in a recombinant RNA that was no longer a target for the endogenous miRNA. DI RNA formation is well documented in TBSV infections (10) and has been attributed to the TBSV RdRp switching templates during viral replication (8, 16, 18, 32) , though it is known to be strongly favored during plus-strand RNA synthesis (10) . Thus, based on previous data for TBSV and our resulting sequence data, template switching may explain how the recombinant TBSV constructs used here by us could be targeted by miRNAs and rapidly lose portions of their miRNA target sequences without showing a detectable loss of infectivity as was observed for PPV.
Template switching in TBSV directed by miRNA target sequences. Previous reports have detailed template-switching mechanisms, especially for tombusviruses (8) . Based on the miRNA target sequences in our recombinant TBSV vectors and the sequences of the resulting recombinants after infection, we propose a possible model for generation of the TBSV recombinants observed here. Recombinant TBSV RNA retaining the full-length ChlH gene insert and miR171 target sequence (shown as an example) undergoes complementary base pairing with the miR171-loaded RISC in infected cells (Fig. 5A) . The recombinant TBSV plus-sense RNA is cleaved at the miRNA171-determined cleavage sequence, resulting in two RNAs (Fig. 5B) . This miRNA-mediated cleavage could potentially occur before or after the recombinant TBSV RNA is recruited in the replication complex. The observation that some clones retained the entire miR171 target sequence at earlier sampling times, though, suggests that there was at least some miR171-directed cleavage after replication. After miR171-directed cleavage, the RNA fragment containing the 3Ј region of the miR171 target sequence also contains the promoter for TBSV minus-strand synthesis (gPR) and the replication silencer element at its 3Ј end (25) (Fig. 5C ). Both of these elements are critical for TBSV replication (25) ; thus, the miR171-cleaved TBSV recombinant RNA can likely serve as a template for minus-strand TBSV RNA synthesis. The TBSV RdRp then synthesizes the minus-strand RNA, using as template the cleaved plus-strand recombinant RNA, now also including 13 nt of the miR171 target sequence at its 5Ј end (Fig.  5D) . On reaching the 5Јend of the miR171-cleaved plus-strand RNA template, the RdRp can either fall off the template, ending the minus-strand RNA synthesis, or disassociate from the template and attach to another plus-strand RNA, taking along its synthesized minus strand.
Based on the recombinants we recovered, our evidence suggests that both of the events described above might occur. However, we provide direct evidence that the TBSV RdRp can switch templates when it comes to the 5Ј end of the plus-strand RNA donor molecule (containing the 3Ј 13 nt of the miRNA171 target sequence) and then can land internally on another recombinant TBSV plus-strand RNA molecule (Fig.  5E) . A recombinant TBSV RNA carrying a full-length insert is shown as an example of an acceptor template RNA. There is also the possibility of the 5Ј fragment of the recombinant TBSV (originating from the initial cleavage by miR171) or sgRNAs serving as an acceptor template for the switching RdRp. Irrespective of the choice of acceptor template RNA, the RdRp on restarting minus-strand RNA synthesis can extend to the end of the acceptor template RNA (Fig. 5F ), resulting in a recombinant minus-strand TBSV molecule with the 3Ј 13 nt of the miRNA171 target sequence present at the junction of the donor and acceptor TBSV sequences (Fig. 5G) . Following this, natural selection then plays a role favoring only those recombinants that enhance (or diminish least) viral fitness for critical properties such as replication competence, movement, or protein expression.
This model is well supported by previous reports where template switching was shown to originate most frequently from the 5Ј end of the donor RNA molecule, land internally on a acceptor template RNA, and restart synthesis (8), thus not being limited to end-to-end switching between two RNA templates. An AU-rich region (27) along with as few as 1 to 4 nt base pairing (10) are additional requirements for efficient internal landing and continued synthesis for tombusvirus RdRps (25) . This is consistent with our data, where sequences immediately 3Ј of the proposed landing site for the TBSV RdRp in the acceptor RNA (Fig. 2, clones B,C,D) , were A rich (ϳ70%) (see Table S1 in the supplemental material). There was also no significant (Ͼ2-nt) base pairing between the 3Ј end of the nascent minus-strand RNA synthesized by the switching TBSV RdRp and the acceptor template RNA.
This mechanism is further supported by the recombination events detected at 6 dpi in pPD-3f5-159-inoculated plants. The recombinants exhibited massive deletions 5Ј of the 3f insertion site (Fig. 4B) in the TBSV genome (nt 2678 to 3779). In this particular recombination event, the TBSV RdRp along with its nascent minus RNA strand lands on sgRNA1 (at nt 2678), VOL. 83, 2009 miRNA-GUIDED TBSV RECOMBINATION IN PLANTA 10477
on November 12, 2017 by guest http://jvi.asm.org/ restarting synthesis and continuing to the end of the sgRNA1 acceptor template (nt 2621, the natural 5Ј end of sgRNA1). The region 3Ј of nt 2678 is again A rich and thus a potential hot spot for the viral replicase to land and reinitiate minus-strand RNA synthesis. Thus, using engineered miRNA target sites, we provide evidence supporting sequence-specific cleavage of recombinant TBSV RNAs in planta. The sequence patterns recovered were identical to previously mapped patterns of natural mRNA targets for miR171 and miR159, suggesting that the engineered miRNA target sites containing recombinant TBSV could be targeted by the host miRNA silencing machinery. These data are consistent with a recent publication (33) which demonstrated the role of a host Dicer in promoting recombination and negatively affecting insert stability for a hypovirus, CHV1-EP713, in the fungal host Cryphonectria parasitica. In both cases, there is evidence of viral RNA being susceptible to the host RNA interference machinery, which in turn has an effect on the recombination, probably by creating new 5Ј and 3Ј ends for the viral replicase to switch templates, thus promoting recombination. Combined with the advantage of known cleavage patterns of miRNA-mediated targeting, this approach could be developed for further dissection of previously uncharacterized recombination events in vivo for different viral vector systems to better analyze and predict insert stability at different sites of the viral genome.
